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Vortex is a universal and significant phenomenon that has been known for 
centuries. However, creating vortices to the atomic limit has remained elusive 
because that the characteristic length to support a vortex is usually much larger 
than the atomic scale. Here, we demonstrate that pseudospin in graphene can help 
us to overcome this limitation and a single carbon defect in monolayer graphene 
is a pseudospin-mediated atomic-scale vortex. Using a plane wave to interfere with 
the vortex, we can obtain wavefront dislocations that directly reflect its topological 
and chiral features. In our experiments, N = 2 and -2 additional wavefronts are 
observed for the single carbon defects at A and B sublattices of graphene, 
demonstrating that they are atomic-scale vortices with angular momenta l = 2 and 
-2, respectively. Quantum interferences of two atomic-scale vortices with the same 
(or opposite) angular momentum are systematically studied with respect to their 
distances. Our result highlights the way to tailor the atomic-scale vortex in systems 
with pseudospin degree of freedom.  
Vortex is familiar to us because of the classical version, such as water vortex and 
hurricane vortex, and it is now recognized as a universal and significant phenomenon 
in various fields, such as fluid physics, nonlinear optics, Bose–Einstein condensates, 
and condensed matter physics [1-10]. Recently, many attempts have been devoted to 
realize magnetic vortices based on the electronic spin in magnetic materials [11-18]. In 
the magnetic vortex, the spin changes its direction along a closed path surrounding the 
core, therefore, it is difficult to reduce the size of magnetic vortices to atomic scale 
because change of the spin direction at such a length scale will dramatically increase 
the energy of the system [11-18]. For electrons in graphene, besides the real electronic 
spin, there is an additional degree of freedom, sublattice pseudospin, that arises from 
the unique bipartite honeycomb lattice structure of graphene [19-23]. It is easy to 
change the direction of the pseudospin at atomic scale without cost energy of the system. 
Therefore, it is possible to realize pseudospin-mediated atomic-scale vortex in graphene.  
In this Letter, we demonstrate that a single carbon defect can generate pseudospin-
mediated atomic-scale vortex in monolayer graphene. Because the opposite chirality of 
the pseudospin texture of two different valleys of graphene, intervalley scattering 
induced by the single carbon defect leads to phase winding over a closed path 
surrounding the defect [23], therefore, generating the pseudospin-mediated atomic-
scale vortex. The bipartite lattice nature of graphene results in two types of atomic-scale 
vortices with opposite angular momentum. Quantum interferences of two atomic-scale 
vortices with the same (or opposite) angular momentum are systematically studied. 
Generally, a topological vortex can be described as the phase winding of the 
wavefunction 𝜓(𝒓) = 𝑓(𝒓)𝑒𝑖𝑙𝜑𝒓  surrounding a phase singularity with zero 
wavefunction 𝑓(𝒓0) = 0. Here 𝜑𝒓 represents the azimuthal angle and l is the angular 
momentum, representing the times of wavefunction rotates (winding number) when 𝜑𝒓 
undergoes a closed trajectory. Figures 1(a) and 1(b) show vectors of the wavefunction 
for the l = +2 and -2 vortices, respectively. The + (-) donates counterclockwise 
(clockwise) circulation, i.e., the chirality of the vortices. Since the topological and chiral 
features of vortex cannot be directly imaged, a proposal to capture the features of vortex 
via the interference has been widely adopted [24]. By introducing a plane wave that 
propagates downward, there are N = l = ±2 additional wavefronts in the interference 
patterns, as shown in Figs. 1(c) and 1(d). The number of additional wavefronts | N | = 2 
indicates the angular momentum of the vortex, and the appearance of the additional 
wavefronts behind or ahead the vortex can directly reflect the chirality, + or -, of the 
vortex. Therefore, the topological and chiral features of the vortex are measurable via 
the interference patterns [25-28]. Our low-energy continuum model calculations reveal 
that the single carbon defect at A and B sublattices of graphene, as shown in Figs. 1(e) 
and 1(f), also can generate N = l = ±2 additional wavefronts in the modulated charge 
densities for a selected direction of the intervalley scattering, as shown in Figs. 1(g) and 
1(h) (see Supplemental Material for more details [29]). As shown in Figs. 1(i), the 
elastic intervalley scattering induced by the single carbon defect rotates the pseudospin 
by ±2𝜃𝒒 (𝜃𝒒 is the incident angle of electrons with momentum q) [30-34] and an 
accumulation of the phase shift over a closed path enclosing the single carbon defect is 
± ∫ 2𝑑𝜃𝒒
2𝜋
0
= ±4𝜋 [34]. Such an effect leads to N = ±2 additional wavefronts in the 
modulated charge densities because that each additional wavefront contributes 2𝜋 in 
the phase shift. Therefore, the single carbon defect at A or B sublattice in monolayer 
graphene should be regarded as a phase singularity that is responsible for the generation 
of the l = +2 or l = -2 atomic-scale vortex. The pseudospin-mediated atomic-scale 
vortex nature of the single carbon defect in graphene should be well uncovered from 
the quantum interference of the defect-induced intervalley scattering. 
To explore the atomic-scale vortex nature of the single carbon defects, we carried 
out scanning tunneling microscopy (STM) measurements. At a given STM tip position, 
the charge densities are governed by the interference of the electronic waves between 
electrons in the tip pointing towards the single carbon defect and their reflection from 
the defect by coupling a phase shift [34]. Meanwhile, the STM tip can probe the local 
density of states (LDOS) of electrons with high spatial resolution [35,36]. Therefore, 
we can obtain the interference patterns between a tip-introduced plane electronic wave 
and a defect-induced atomic-scale vortex from the STM images. In our experiments, 
we directly synthesized multilayer graphene with a high density of single carbon defects 
on Ni foils using a facile chemical vapor deposition (CVD) method [38-40] (see 
methods and Fig. S1 of the Supplemental Material [29]). Usually, the topmost 
monolayer graphene is electronically decoupled from the underlying graphene sheets 
and behaves as a freestanding monolayer graphene due to the existence of large twist 
angles between them [39]. Such a result is demonstrated explicitly by measuring the 
well-defined Landau quantization of massless Dirac fermions in the topmost monolayer 
graphene, according to magnetic-field-dependent scanning tunneling spectroscopy 
(STS) spectra [41-43] (Fig. S2 of the Supplemental Material [29]).  
Figures 2(a) and 2(b) show representative atomic STM images of monolayer 
graphene with a single carbon defect at the A and B sublattices, respectively. The 
characteristic Jahn-Teller distortion and distinctive topographic fingerprint of the 
triangular √3 × √3 R 30° interference patterns induced by the single carbon defect 
are clearly observed [38,39,44-46]. For the single carbon defects at the A and B 
sublattices, the tripod shapes in the STM images exhibit two different orientations (blue 
and green dotted outlines in Figs. 2(a) and 2(b)) due to the inversion symmetry with 
respect to the center of a C–C bond. The fast Fourier transform (FFT) analysis of the 
STM images are shown in Figs. 2(c) and 2(d), respectively. The outer bright spots 
connected by yellow dashed hexagon are the reciprocal lattice of monolayer graphene. 
At the center of the FFT images, a bright disk is observed, which is a significant feature 
of electronic properties in the monolayer graphene due to the forbidden intravalley 
backscattering [30-33]. The additional inner bright spots at the corners of Brillouin zone 
connected by green dashed hexagon are generated by the defect-induced intervalley 
scattering [30-33]. To explore the quantum interference of the intervalley scattering 
induced by the single carbon defect in monolayer graphene, we carry out the FFT-
filtered analysis to obtain the modulation of charge densities due to the intervalley 
interference. Figures 2(e) and 2(f) show the FFT-filtered STM images along the 
directions of intervalley scattering enclosed by the white circles in Figs. 2(c) and 2(d), 
respectively. A clear signature of N = +2 and -2 additional wavefronts are observed for 
the single carbon defects at the A and B sublattices of monolayer graphene respectively, 
which are well consistent with our theoretical calculations shown in Fig. 1. Very 
recently, similar experimental phenomenon has also been observed in H-chemisorbed 
monolayer graphene [34]. In our experiment, the same features are also observed for 
the defect-induced intervalley scattering in three directions related by a 𝐶3 rotation in 
both the STM images and STS maps, and the result is robust under different 
experimental conditions such as the applied bias voltages, tunneling currents, and 
rotation of the scanning angles (Figs. S3-S5 of the Supplemental Material [29]). 
Therefore, the robust N = +2 and -2 additional wavefronts demonstrate that the 
generation of the l = +2 and -2 atomic-scale vortices around the single carbon defect at 
the A and B sublattices of monolayer graphene, respectively.  
Now we begin to explore the quantum interferences between two pseudospin-
mediated atomic-scale vortices in monolayer graphene. Figure 3 summarizes the 
interferences of two atomic-scale vortices with the same chirality (the same angular 
momentum), which are realized by two individual single carbon defects at the same 
sublattice. As shown in Figs. 3(a) and 3(b), two individual single carbon defects with 
different distances are at the same sublattice (A sublattice), which can be inferred from 
the orientations of the tripod shapes. When the distance between the two single carbon 
defects is relatively large, i.e., d = 17.0 nm (Fig. 3(a)), the two atomic-scale vortices are 
almost isolated and the interferences between them are negligible. Therefore, the N = 2 
additional wavefronts are observed around each defect, as marked by black dotted lines 
in Fig. 3(c). With decreasing the distance between the two single carbon defects to d = 
2.7 nm (Fig. 3(b)), the interferences between the two atomic-scale vortices become 
important. Then the two defects totally contribute to N = 2 additional wavefronts 
together (Fig. 3(d)). Obviously, the number of additional wavefronts shows great 
dependence on the distance d between the two individual single carbon defects, which 
can be well captured by the quantum interferences between two l = 2 vortices. Figures 
3(e) and 3(f) show the vector diagrams of the two l = 2 vortices centered at the blue 
dots and their interference with a plane wave propagating downward. When the two 
vortices are far from each other, the structure of each vortex shows a little deformation, 
but still keeps a complete l = 2 angular momentum surrounding each of them. Therefore, 
the N = 2 additional wavefronts are expected to appear around each vortex, as simulated 
in Fig. 3(e). However, when the two vortices are quite close, their structures are strongly 
disturbed and the two vortices prefer to superimpose into a new vortex with l = 2. 
Therefore, the total additional wavefronts of the two coupled vortices are still N = 2 in 
the interference patterns (Fig. 3(f)). Obviously, the theoretical results based on the 
interferences of two vortices are well consistent with our experiments.  
Figure 4 summarizes the interferences of two atomic-scale vortices with the opposite 
chirality, which are realized by two individual single carbon defects at different 
sublattices of graphene. Figures 4(a) and 4(b) show typical STM images of two 
individual single carbon defects with different distances located at the A and B 
sublattices, as revealed by the inverse orientations of the tripod shape. When the 
separation between the two defects is d = 8.8 nm (Fig. 4(a)), the interferences between 
them are negligible and N = +2 and -2 additional wavefronts are observed around the 
single carbon defects at the A and B sublattices respectively (Fig. 4(c)). However, for 
d = 1.0 nm (Fig. 4(b)), the interferences between the two atomic-scale vortices with the 
opposite chirality result in zero additional wavefront as a whole (Fig. 4(d)). The above 
experimental result can be well captured by the quantum interferences between a l = 2 
vortex and a l = -2 vortex (antivortex). For a larger separation d, the vortices roughly 
maintain the pristine structure and generate the separated N = 2 and -2 additional 
wavefronts when they interfere with a plane wave propagating downward (Fig. 4(e)). 
However, for a smaller d, the winding structures of a vortex and an antivortex are 
mutually offset, leading to the annihilation of vortex-antivortex pair and the irrotational 
phase structures as a whole. Therefore, no additional wavefront can be observed (Fig. 
4(f)). More strictly calculations of two single carbon defects at the same sublattice and 
at different sublattice of graphene based on the low-energy continuum model in the 
framework of a T-matrix approach are given in the Supplemental Material [29], which 
also reproduce well the main features observed in our experiment (Figures 3 and 4).   
In summary, we demonstrate that the individual single carbon defect at the A and B 
sublattice of monolayer graphene can be regarded as the pseudospin-mediated atomic-
scale vortex with the angular momentum l = +2 and -2, respectively. The interferences 
of the pseudospin-mediated vortex-vortex and vortex-antivortex pairs with respect to 
their distances are studied. When the two defects are far away, the two vortices 
associated with the defects are isolated and each of them shows two additional 
wavefronts. When the two defects are close, the two vortices are interacted and show 
two additional wavefronts for a vortex-vortex pair and zero additional wavefront for a 
vortex-antivortex pair.  
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Figure 1. Schematic diagrams of vortex and its interference with a plane wave. (a,b) 
The vectors of wavefunction for l = ±2 vortices. The center of vortices is marked by 
blue or green dots. (c,d) Interference patterns between a vortex and a vortex-free plane 
wave that propagates downward. The additional wavefronts are marked by black 
dashed lines. The pseudospin rotates by ±2𝜃𝒒 . (e,f) Atomic structures of a single 
carbon defect at A and B sublattices, respectively. (g,h) Low energy continuum model 
calculations of the charge density oscillations due to the intervalley scattering in 
monolayer graphene with a single carbon defect at A and B sublattices, respectively. (i) 
The process of quasiparticles scattering from a given valley K′ (K) to a nearest valley 
K (K′) in graphene.  
 Figure 2. The single carbon defect induced wavefront dislocations in monolayer 
graphene. (a,b) The topography STM images of an individual single carbon defect in 
monolayer graphene (𝑉𝑏 = 200 𝑚𝑉, 𝐼 = 300 𝑝𝐴). The single carbon defect induced 
triangular interference patterns are marked by blue and green dotted outlines, which are 
related to the single carbon defect at the A and B sublattices, respectively. The atomic 
structures are given in the insets. (c,d) FFT of the STM images in (a) and (b), 
respectively. The outer hexangular spots (corners of the yellow dotted line) and inner 
bright spots (corners of the green dotted line) correspond to the reciprocal lattice of 
graphene and the interference of the intervalley scattering, respectively. (e,f) FFT-
filtered images of (a) and (b) along the direction indicated by white circles in (c) and 
(d). The black dashed lines correspond to N = ±2 additional wavefronts. 
 
 Figure 3. The interference of vortices and wavefront dislocations induced by two single 
carbon defects at the same sublattice of monolayer graphene. (a,b) Typical STM images 
of two individual single carbon defects at the same sublattice (A sublattice) of 
monolayer graphene with the separated distances of (a) 17.0 nm and (b) 2.7 nm, 
respectively. The dotted tripod shapes are added manually to indicate the orientation 
and position of the defects. (c,d) FFT-filtered images of (a) and (b) along the marked 
direction of intervalley scattering. The additional wavefronts are marked by black 
dashed lines. Inset: the filters applied in the Fourier space. (e,f) Up panels: the structures 
of interference between two l = 2 vortices with different separations. Bottom panels: 
The interference patterns between two vortices and a plane wave propagating 
downward. The numbers of additional wavefronts are marked in the figures. 
 Figure 4. The interference of vortices and wavefront dislocations induced by two single 
carbon defects at the different sublattices of monolayer graphene. (a,b) Typical STM 
images of two individual single carbon defects at A and B sublattices of monolayer 
graphene with the separated distances of (a) 8.8 nm and (b) 1.0 nm, respectively. The 
dotted tripod shapes are added manually to indicate the orientation and position of the 
defects. (c,d) FFT-filtered images of (a) and (b) along the marked direction of 
intervalley scattering. The additional wavefronts are marked by black dashed lines. 
Inset: the filters applied in the Fourier space. (e,f) Up panels: the structures of 
interference between a l = 2 and a l = -2 vortices with different separations. Bottom 
panels: The interference patterns between two vortices and a plane wave propagating 
downward. The additional wavefronts are marked in the figures. 
 
